Background: Aging and death are inevitable for most species and are of intense interest for human 19 beings. Most mammals, including humans, show obvious aging phenotypes, for example, loss of tissue 20 plasticity and sarcopenia. In this regard, fish provide attractive models because of their unique aging 21 characteristics. First, the lifespan of fish is highly varied and some long-lived fish can live for over 22 200 years. Second, some fish show anti-aging features and indeterminate growth throughout their life. 23
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Introduction 49 Senescence and death are inevitable for most species, but their features are diverse. Genes that 50 contribute to aging phenomena have been widely screened by using established model organisms such 51 as nematode, fly, and mouse. These studies have revealed conserved senescence-associated 52 mechanisms involving Reactive Oxygen Species (ROS) and mechanistic Target of Rapamycin 53 (mTOR) (2), and have identified various longevity genes, for example, sirtuin and klotho (3, 4) . 54
However, most of this research has been based on a small number of canonical model organisms; 55 therefore, the diversity of senescence and aging that has evolved across species has been neglected. 56
Exploring various species with differing aging phenotypes may, therefore, be of great value for better 57 understanding of senescence. The recent advances in high-throughput sequencing technology make it 58 possible to perform genome-wide gene screening of non-model organisms that show unique aging and 59 senescence phenotypes. Indeed, several studies using noncanonical model organisms have suggested 60 that various unique mechanisms are involved in the diversification of senescence (5-7). 61
In this regard, fish species are attractive models to study vertebrate senescence because of their unique 62 aging characteristics. In comparison to mammals, fish show various anti-aging phenotypes. Mammals 63
show apparent senescence and a determined lifespan. Progressive loss of plasticity of various tissues 64 is a common feature in mammalian aging. In fish, however, various tissues retain high plasticity even 65 in the adult stage. Adult fish can regenerate heart muscle (8, 9) , whereas mammals lose this capacity 66 soon after birth (10). Fish can increase skeletal muscle mass throughout their lifespan by both 67 hypertrophic (size increase of existing muscle fibers) and hyperplastic (adding new muscle fibers) 68 processes (11), whereas postnatal muscle growth in mammals occurs exclusively by hypertrophy (12) . 69
Fish have the longest known lifespans among vertebrates. Life spans exceeding 100 years were 70 observed in several rockfish species by a combination of radio-isotope and growth ring 71 measurements (13). The maximum age recorded for a rough-eye rockfish, Sebastes aleutianus, is 205 72 years (14). Furthermore, age estimation using radiocarbon dating of eye lens nuclei from the 73 Greenland shark, Somniosus microcephalus, revealed its lifespan to be at least 272 years (15) . 74
Conversely, there are naturally short-lived fish, known as annual fish, such as sweetfish (Plecoglossus 75 altivelis) and killifish which live less than 1 year. The turquoise killifish, Nothobranchius furzeri, has 76 a 4-6 month lifespan and is currently the shortest-lived vertebrate that can be bred in captivity (16, 17) . 77
These unique features make fish an attractive model for understanding the diversity of vertebrate 78 senescence and lifespan. 79
Zebrafish, Danio rerio, have been extensively studied as a vertebrate model organism because of easy 80 rearing, short generation time, and transparency of embryos. In common with other fish species, 81 zebrafish also have a highly regenerative capacity, even at the adult stage. Zebrafish can regrow injured 82 tissues, such as fins (18), maxillary barbell (19), retinae (20), optic nerves (21), spinal cord (22), heart 83 (23), brain (24) , hair cells (25), pancreas (26), liver (27), and kidney (28). Dedifferentiation of mature 84 myocytes is observed during regeneration of zebrafish extraocular muscle (29), whereas 85 dedifferentiation of somatic cells is a very unusual phenomenon in mammals. Hyperplastic muscle 86 growth continues in zebrafish at aged stages, as in other fish (30). The average lifespan of zebrafish is 87 3.5 years and aged zebrafish exhibit some deterioration of tissues, such as curvature of the spine, 88 elevation of senescence associated β-galactosidase activity, increase of oxidized protein (31, 32), and 89 decline in cognitive function (33-35), which are aging phenomena commonly found in mammals. The 90 molecular bases of the above-mentioned anti-aging and aging characteristics are still ambiguous in 91
zebrafish. 92
Here we present transcriptome analysis associated with systemic aging in zebrafish. We performed 93 RNA-seq from brain, heart, liver, muscle and gill, at various growth stages. In addition, we conducted 94 comparative analysis of our zebrafish data with age-associated RNA-seq data of rat. We discuss aging 95 characteristics of fish in comparison with mammals. 96
97

Results
98
Overview of sequencing results 99
The quality filtering, mapping and expression quantification results of the sequencing data are 100 summarized in Table 1 . Approximately six million and 40 million reads per replicate were obtained 101 from zebrafish and rat, respectively. Eighty-two percent of zebrafish reads and 96% of rat reads were 102 mapped to their respective reference sequences. Assembly by Cufflinks detected approximately 40,000 103 genes in zebrafish and approximately 75,000 in rats. Of these genes, 26,381 in zebrafish and 29,552 104 in rat were annotated as known genes. Clustering using the expression levels of all the genes of each 105 replicate showed that the sequence data was clustered by tissue in both zebrafish and rat (Additional 106 file 1: Figure S1a , b). The skeletal muscle cluster was close to that of heart in both species. This is 107 consistent with the fact that skeletal muscle and the heart are closely related tissues. 
Age-dependent DEGs among tissues in zebrafish 125
In each zebrafish tissue, comparison of gene expression between two growth stages was performed, 126 and differentially expressed genes with a q-value ≦ 0.05 were defined as DEGs. Two genes, hmgb3a 127 (High mobility group box 3a) and LOC566587 (ERBB receptor feedback inhibitor 1-like), were 128 detected as DEGs in all five tissues (skeletal muscle, brain, heart, liver, and gill). To compare with rat 129 data, we focused on the four common tissues, heart, skeletal muscle, brain and liver between rat and 130 zebrafish. Figure 1 shows the distribution of DEGs among the four zebrafish tissues. Seventeen DEGs 131 were commonly detected in the four tissues ( Figure 1 and Additional file 2: Table S1 ). These 17 DEGs 132 contain three circadian rhythm-related genes, nr1d1, nr1d2a and sik1 (si: ch 211-235e 18.3 synonym) 133 (36, 37). 134
To assess the age-dependent expression pattern of the 17 commonly detected DEGs, correlation 135 coefficient matrixes were drawn for each tissue (Figure 2a separately. As shown in the figure, hmgb3a expression tended to decrease with aging whereas 139 expression of the other 16 genes tended to increase. This age-associated decrease of hmgb3a 140 expression was also observed in the gill (Additional file 2: Table S1 ). 141 142
Construction of orthologous gene set between zebrafish and rat 143
Based on the cross blastp screening between zebrafish and rat RNA-seq data, 12,795 genes were 144 identified as orthologs (Table 1 ) and were designated as the Orthologous Gene Set (OGS). We used 145 the OGS in the following comparative transcriptome analyses.
147
Comparison of age-related gene expression patterns between zebrafish and rat using the OGS 148
To investigate time-course gene expression changes with aging, we focused on gene expression 149 profiles at sequential growth stages of 7 months, 16 months and 39 months for zebrafish and 6 weeks, 150 21 weeks and 104 weeks for rat. To separate the OGSs by their expression patterns, we defined "D" 151 as a significant decrease of gene expression, "U" as a significant increase and "M" as a change of -1 152 <log2 (Fold Change) <1. Then expression of each OGS from young to aged animals was divided into 153 nine patterns, DD, DM, DU, MD, MM, MU, UD, UM and UU (Additional file 3: Figure S2 ). Figure  154 3a shows clustering based on the four patterns, DD, DU, UD, and UU. In the DD pattern (continuous 155 decrease with age), some genes were clustered across muscle, heart and liver of rat (Figure 3a , 156 cluster1). This cluster consisted of six genes, Col6a3, Col4a5, Col1a1, Col1a2, Col5a1 and Nid1, all 157 of which are collagen genes or a collagen-associated gene. Sequential expression patterns of these six 158 genes were plotted in both species (Figure 3b , c). As in rat, zebrafish also showed a tendency for 159 expression of collagen and collagen-related genes to decrease, but their expression was maintained up 160 to the middle-age stage (Figure 3c ), indicating robustness of zebrafish tissues against age-related 161 down-regulation of collagen genes. 162
In the brain and heart of zebrafish, 25 genes formed a DU pattern cluster (up-regulated in middle-age 163 then down-regulated in the aged stage) (Figure 3a , cluster 2). GO analysis with these 25 genes showed 164 that hypoxia response and ribosome synthesis were significantly enriched (GO category: response to 165 hypoxia; p=1.81E-002, GO category: ribosomal large subunit biogenesis; p=1.81E-002) ( Table 2) . 
Comparison of gene expression patterns between young and old stages in both species using the 213
OGSs 214
To investigate senescence-related gene expression changes, OGSs were compared between young (7 215 months for zebrafish and 21 weeks for rat) and aged (39 months for zebrafish and 104 weeks for rat) 216
stages. Based on previously reported age correspondence (38), 7-and 39-month-old zebrafish are 217 equivalent to approximately 15-and 80-year-old humans, respectively, and 21-and 104-week-old rats 218
are to approximately 15-20-and 60-year-old humans, respectively. All up-regulated and down-219 regulated DEGs were extracted from each tissue and each species. Then we detected 45 common 220
DEGs between the two species and/or among two or more tissues. Figure 4 shows the 45 duplicated 221
DEGs based on their expression patterns. We found four major clusters, up-regulated genes in both 222 species, up-regulated genes in rat, up-regulated genes in zebrafish, and down-regulated genes in rat. 
GO analysis of tissue-and species-specific DEGs between young and old stages 239
To search for age-related DEGs that appear specifically in each tissue and species, DEG expression 240 that was increased or decreased specifically in the brain, heart, liver, muscle or gill was extracted for 241 both species. Age comparison was performed between young (7 months for zebrafish and 21 weeks 242 for rat) and aged (39 months for zebrafish and 104 weeks for rat) stages. Subsequently, common DEGs 243 between zebrafish and rat were excluded, and tissue-and species-specific DEGs were extracted from 244 each comparison (Additional file 4: Figure S3 ). For the four tissues (excluding the gill), GO analysis 245 of the tissue-and species-specific DEGs was performed (Additional files 5-8: Table S2 -5) and is 246 summarized in Table 3 . As there is no rat data corresponding to the gill, GO analysis of the gill was 247 conducted using gill-specific DEGs. Species-specific GO databases were used in the GO analysis.
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Tissue-specific, up-regulated cascades in aged rat are listed in Additional file 5, Table S2 . In brain, 249 significantly up-regulated GO categories were 'response to chemical substances' such as hormones 250 (GO category: response to peptide; p = 1.45 E-012, GO category: response to peptide steroid hormone; 251 p = 6.36 E -012) (Additional file 5: Table S2 ). In heart, 'tissue repair' and 'development' were up-252 regulated (GO category: wound healing; p = 1.16 E-008, GO category: heart development; p = 1.76 253 E-008). Expression of genes associated with 'cell division' was up-regulated in liver and muscle (GO 254 category: cell division; p = 1.27 E -016). 'Lipid metabolism', such as for monocarboxylic acid and 255 fatty acids, was also significantly up-regulated in muscle (GO category: monocarboxylic acid 256 metabolic process; p = 6.67 E -006, GO category: fatty acid metabolic process; p = 1.20 E -005). 257
Tissue-specific, down-regulated cascades in aged rat are listed in Additional file 6, Table S3 . In brain, 258 expression of genes associated with 'hormone responses' and 'learning' were significantly decreased 259 (GO category: cellular response to hormone stimulus; p = 4.71 E-003, GO category: learning or 260 memory; p = 1.37 E-002). In heart, 'nucleotide metabolism' was down-regulated (GO category: 261 nucleotide metabolic process; p = 2.55 E -017). In liver, 'metabolism' of amino acids and 262 monocarboxylic acids, and 'development' (GO category: monocarboxylic acid metabolic process, p = 263 3.18E -017, GO category: cellular amino acid metabolic process; p = 3.66E -017, GO category: liver 264 development; p = 4.02 E-009) were down-regulated. Also, in the muscle, expression of genes related 265
to 'blood vessel formation' and 'growth' were down-regulated (GO category: blood vessel 266 development; p = 2.90 E -022, GO category: response to growth factor; p = 3.25 E -017). 267
Tissue-specific, up-regulated cascades in zebrafish are listed in Additional file 7, Table S4 . 'Peptide 268 biosynthesis' and 'ribosome synthesis' were significantly up-regulated in brain (GO category: peptide 269 biosynthetic process; p = 4.25 E-007, GO category: ribosomal large subunit assembly; p = 5.71 E-270 007). Lifespan is prolonged by the reduction of ribosomal function; therefore, the up-regulation of the 271 peptide and ribosome biosynthesis related genes is considered to accelerate aging (43, 44). In heart, 272 there were significantly enriched categories associated with 'activated immunity' (GO category: 273 positive regulation of immune system process; p = 1.25E -002). 274
Tissue-specific, down-regulated cascades in zebrafish are listed in Additional file 8, Table S5 . Genes 275 down-regulated in liver were significantly enriched in categories related to 'lipid metabolism' and 276 'steroid metabolism' (GO category: lipid metabolic process; p = 7.44 E -017, GO category: steroid 277 metabolic process; p = 4.57 E-009). Notably, in gill, the expression of genes associated with 'muscle 278 development' and 'ATP metabolism' were significantly down-regulated (GO category: muscle 279 structure development; p = 5.05 E -003, GO category: ATP metabolic process; p = 5.66 E -003). 280
We also conducted GO analyses of zebrafish-and tissue-specific DEGs using the rat GO database 281 (Additional files 9, 10: Table S6, 7). As a result, genes up-regulated in aged zebrafish muscles were 282 significantly enriched in the category of 'autophagy' (GO category: autophagy; p = 6.24E-003). As in 283 the analysis using the zebrafish GO database (Additional file 8: Table S5 ), down-regulation of 'muscle 284 contraction' and 'muscle formation' related cascades in aged zebrafish was also observed in gill 285 (Additional file 10: Table S7 ). In this study, we conducted deep RNA sequencing of aging zebrafish. Our systematic transcript 332 profiling across four growth stages, including an aged stage, provides unpreceded data in fish. In 333 addition, we revealed common and different features of gene expression profiles with aging between 334 fish and mammals by comparative transcriptome analysis using OGSs. 335 336
Common features of aging-related changes to gene expression between zebrafish and rat 337
Up-regulation of circadian rhythm-related genes was commonly observed in zebrafish and rats. Many Age-associated repression of collagen genes in various tissues was also observed in both zebrafish and 348 rat. Although collagen fibers accumulate in aged tissues of mammals, mRNA levels of collagen genes 349 tend to decrease with aging (48, 49). Recent meta-analysis of age-related gene expression in mammals 350 showed that reduction of collagen gene expression is a general feature of their aging (50). This 351 suggests that age-related accumulation of collagen suppresses its gene expression to reduce the level 352 of accumulation (49, 51). Although collagen accumulation in aged fish tissues has not been examined, 353
our results indicate that age-associated reduction of collagen gene expression is a common feature of 354 mammals and fish. However, reduction of collagen gene expression in zebrafish is more gradual than 355 that in rat as shown in Figure 2c observed in aged rat (see Figure 3 ). Moreover, aged rat muscle showed decreased expression of atf3. 365
13
One of the downstream outputs of mTOR signaling is protein synthesis. ATF4 is a transcription factor 366 that senses a deficit in protein synthesis and activates target genes including atf3. The atf3 induction 367 detected in this study indicates decreased mTOR signaling in aged zebrafish tissues. Resveratrol is a 368 natural polyphenol that has various benefits for age-related mammalian diseases, such as diabetes, 369 cancer, and neurodegenerative and cardiovascular diseases (54, 55). Hsu et al. (55) reported that 370 resveratrol activates the anti-aging gene klotho via ATF3 activity. 371
Another downstream output of mTOR signaling is autophagy. Autophagy is negatively regulated by 372 mTOR signaling (56). Consistent with atf3 expression, which is also negatively regulated by mTOR 373 signaling, we detected increased autophagy activity in aged zebrafish muscle (Table 3) . Recent studies 374 have revealed a close relationship between age-dependent decline of autophagy and senescence (56). 375
Transgenic mice in which the autophagy inhibitory complex was disrupted show promoted longevity 376 (57). Age-related deterioration of autophagy in muscle causes decreased regenerative capacity in 377 mammalian muscle stem cells and it can be recovered by activation of autophagy (58). Mammalian 378 skeletal muscles undergo marked senescence called sarcopenia, the loss of muscle mass and strength. 379
Progressive loss of regenerative capacity of muscle is also a general feature of mammalian aging. Such 380 a tendency is also detected in rat muscle in our study ( Table 3 ). The mortality rate and pathogenesis 381 of many age-related human diseases is associated with sarcopenia and the functional status of skeletal 382 muscle (59, 60), suggesting that muscle is a key regulator of systemic aging. In fish, however, 383 hyperplastic muscle growth (neo-muscle fiber formation) continues throughout life (11). The 384 regeneration capacity of muscle is also high in zebrafish and adults can regenerate the heart after 385 ventricle resection (23). The increased autophagy observed in this study may partly explain such anti-386 aging characteristics of fish muscle. 387 388
Systemic decrease of hmgb3a expression in adult and aged zebrafish 389
A systemic decrease of hmgb3a expression was found to be a specific feature of zebrafish in 390 comparison to rat. In all analyzed zebrafish tissues, hmgb3a expression gradually decreased with aging 391 but was still detected in aged individuals (Figure 2f ). hmgb3a is an orthologue of mammalian Hmgb3 392 and belongs to the hmgb (High-Mobility Group Box) family. In mammals, Hmgb3 shows high 393 expression in the early developmental stage (61), but its expression is restricted into hematopoietic 394 stem cells (HSCs) after birth. In zebrafish, however, systemic hmgb3a expression was detected even 395 
Age-associated hypoxia in zebrafish 404
Increased expression of hypoxia-responsive genes in aged individuals was observed in zebrafish 405 tissues. Expression of AP-1 transcription factors was also up-regulated. These results suggest that the 406 aged zebrafish is in a hypoxic state, which is consistent with the predicted deterioration of gill function 407 from gills-specific down-regulation of muscle development and ATP metabolism-related genes ( Table  408 3). The muscles present in the gill are the abductor muscle and the adductor muscle and fish efficiently 409 take up oxygen by combining the movements of these muscles (65). Here, we suggest that gill-specific 410 down-regulation of genes related to muscle development is associated with deterioration of gill 411 function of zebrafish, which leads to systemic hypoxia. 412
Hypoxia and ischemia induce mitochondrial production of reactive oxygen species (ROS). It has long 413 been proposed that ROS accelerate aging by inflicting damage on molecules such as proteins, lipids, 414 and DNA. In rats, age-related expansion of hypoxia in the kidney has been reported. The degree of 415 hypoxia in the kidney correlated with age-related tubulointerstitial injury (66). 416
Despite various anti-aging characteristics, the lifespan of zebrafish is 3-5 years. Age-associated decline 417 of gill function and resulting hypoxia may be a trigger of senescence in zebrafish. Chronic hypoxia 418 effects adult fish physiology and can cause pathological conditions. For example, exposure of adult 419 zebrafish to hypoxia for 11 days caused retinopathy, an angiogenesis-dependent disease (67). However, 420 effects of hypoxia on aging and lifespan in fish have not been examined. Brain, heart, liver, muscle and gill tissues were collected from zebrafish at four growth stages of 2, 7, 441 16 and 39 months of age. Four to five replicates were prepared per experimental group. The heart was 442 not collected at 2 months because of technical difficulty. All zebrafish were bred in tanks with 443 circulated water at 28.5°C with a lighting cycle of 9:30 on and 23:00 off. The sampling time was 444 14:00-15:00 for 2 months, 15:30~16:30 for 7 months, 13:00~14:00 for 16 months and 11:00~12:00 445 for 39 months. 446
RNA extraction and construction of cDNA libraries 447
Total RNA was extracted from each sample using an RNeasy Mini Kit (QIAGEN), and cDNA libraries 448
were constructed using a TruSeq Stranded mRNA HT Kit from Illumina from a total of 94 samples. 449 Cufflinks 2.2.1 (69, 70). We also used Cuffdiff in the Cufflinks package to obtain differentially 457 expressed genes (DEGs) between groups from the four growth stages with q-value <0.05 (71). After 458 that, detailed analysis of data was performed using cummeRbund of R package (72). For Gene 459 ontology (GO) analysis, we used GeneTrail 2 version 1.5 (https://genetrail2.bioinf.uni-460 sb.de/start.html) (73). 461
Obtaining rat RNA-seq data 462
Rat RNA-seq data set for the brain, heart, liver and muscle (Accession Number: SRP037986) was 463 downloaded from DDBJ (http://www.ddbj.nig.ac.jp/searches-j.html) in fastq format. Subsequent 464 analysis was conducted with the same pipeline used for zebrafish, as described above. Reference files 465 of both zebrafish and rat used for mapping and assembly were downloaded from iGenomes 466 (https://support.illumina.com/sequencing/sequencing_software / genome.html). 467
Extraction of orthologous genes between rat and zebrafish 468
To detect orthologous genes between rat and zebrafish, the sequences of all transcripts of both species 469 derived from cufflinks were translated into amino acid sequences in six reading frames with transeq 470 in EMBOSS version 6.6.0.0 (74, 75). Subsequently, homology searches between rat and zebrafish 471 were performed on the amino acid sequences using blastp in BLAST+ 2.6.0 (76). From this BLAST 472 result, only transcripts having homology of e-value <1.0e-30 were retained and these homology 473 searches were performed bi-directionally. The highest ranking transcripts from the homology searches 474 in both directions were converted to genes and defined as orthologous genes. When one gene of one 475 species hit two genes of the other species, one pair was defined as one orthologous gene. 476
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This study was supported by JSPS KAKENHI Grant Number: 17H03869. indicates the correlation coefficient of growth/aging-dependent expression between each combination 515 of the 17 DEGs commonly expressed in the four tissues. Most genes showed a correlated expression 516 pattern, but hmgb3a showed an apparently different expression pattern in all four tissues. (f) 517
Expression pattern of hmgb3a. In all four tissues, hmgb3a was expressed with the same decreasing 518 level. (g) Expression pattern of DEGs expressed in all tissues, except hmgb3a. In all tissues, they 519 showed a similar pattern, with a tendency of increasing expression. In all plots from (f) and (g), 520
horizontal axes show growth stages. Labels "b", "g", "h", "l", "m" indicate "brain", "gill", "heart", 521 "liver" and "muscle", respectively, and labels "02", "07", "16" and "39" indicate 2-, 7-, 16-, and 39-522 month-old zebrafish, respectively. For example, the label of "b02" means the brain of 2-month-old species. For example, "zbDU" is a gene group that was down-regulated between 7 months 554 and 16 months and up-regulated between 16 months and 39 months in the brain of zebrafish. 555 "z" indicates zebrafish, r: rat, b: brain, h: heart, l: liver, m: muscle and g: gill. The horizontal 556 axis is the age-related expression pattern for each tissue of a species and the vertical axis is 557 genes duplicated in at least two groups. Colored cells show the corresponding gene is 558 classified into the corresponding pattern. Genes commonly classified into "DD" in rat are in 559 the black frame no.1 and those in "DU" in zebrafish brain and heart are in frame no.2. 560 (b) The expression of six collagen genes, which are expressed in the four tissues, was down-561 regulated in rat and (c) zebrafish. Horizontal axes show growth stages. The zebrafish labels 562 are the same as those in Figure 2 and the rat labels, "b", "h", "l" and "m" indicate "brain", 563 "heart", "liver" and "muscle", respectively, while "002", "006", "021" and "104" indicate 2-, 564 6-, 21-and 104-week-old rats, respectively. Vertical logarithmic axes show expression levels 565 and error bars express 95% confidence intervals. **: q-value < 0.01 in ALL six genes; *: q-566 value < 0.05 in ALL six genes; ※: q-value < 0.05 in SOME of six genes. 
